Introduction
There are a number of standard NDT methods that are capable of providing data on materials of composite nature that are being utilised in the aerospace industry. The increasing usage of composite materials for aerospace components is due to the benefits of reduced weight, the ease of formability and good mechanical properties offered by these materials, such as for example carbon fibre skin sandwiching Nomex core and other honeycomb structures. During manufacture and, of course, during service, the composite components should be inspected for weak areas in order to ensure proper bonding, for the obvious reasons of minimising scrap and avoiding possible catastrophic events. Composite materials are difficult to inspect for flaws such as delaminations and disbonding, however digital shearography is demonstrably well-suited in detecting such flaws with high resolution and appears for the purpose, to be positioned in the forefront of NDT technology.
The technique of digital shearography detects the flaws as a result of localised variation in the gradient of the component's field of surface displacements generated in response to any stressing being applied such as mechanical, thermal, pressure or vacuum. The gradient of the surface displacement emerges as a fringe pattern superimposed on the object's image, after the addition of two images of the object's surface, one before and the other after the stressing was imposed. The anomalies that may be observed in the fringe pattern basically display the position and approximate size of the defect, however not its depth relative to the surface. Typical laboratory shearographic NDT systems, similar to the one depicted in Figure 1 , include a personal computer housing software to process the images of the object under test. The images are obtained through a CCD camera viewing the object through some shearing optics and are stored in the image digitiser. A single wavelength (a laser) light source is used to illuminate the object and produce the required speckled image.
The inspection of aerospace sandwich structures using the technique known as digital speckle shearography, with vacuum stressing being applied on the surface of the objects under test, has already been demonstrated, as obviously vacuum should accentuate defects such as impact damage, de-bonds or delaminations. The vacuum stressing of objects being inspected for flaws using digital shearography can be classed into two categories, namely whole body and surface vacuum stressing. The whole body category implies that the object (composite material structure) is placed inside a vacuum chamber. The ambient pressure inside the chamber is reduced thus body 'expansion' is effected and any internal debonds or delaminations are accentuated causing local concentrations of the surface strain field. The surface vacuum stressing category implies that vacuum is applied to an area of the surface of the object thus creating suction on the skin of the composite material structure, causing a similar effect as body 'expansion' and as a result revealing weaknesses in the bonding of the various layers. Surface suction can be accomplished through mild evacuation of the air from a small suction chamber consisting of a rigid frame with a Perspex window, flexible or not airtight sides ending at a rubber surface which will accomplish the seal with the surface of the object. Through the Perspex window the shearography equipment's laser will be able to illuminate the surface. Through the same window the system's camera will acquire the necessary surface speckle images required to produce the surface displacement gradients field capable of indicating the presence of defects should NDT.net -www.ndt.net -Document Information: www.ndt.net/search/docs.php3?id=4546 they exist. In some instances, surface suction can be accomplished without the use of a surface suction device as described above, if one the object's surfaces can act as a vacuum chamber, for example with a cylindrical object or an object with a closed convex surface. If the two ends can be covered or sealed off, effectively the inner surface becomes a chamber that can be evacuated and therefore the outside surface of the object may be used to inspect for flaws using digital shearography.
SHEAROGRAPHY

Vacuum excitation in shearographic NDT
Portable shearography system
The challenge of transferring shearographic inspection from the confines of the laboratory to the industrial environment has been met by pioneering portable shearography equipment, such as the one that was developed by the researchers at the NonDestructive Laboratory of the University of Cape Town (1) , or the one at the Applied Research Laboratory of the Pennsylvania State University (2) , as well as in industry (3) . The Cape Town University's portable digital shearography system is depicted in Figure 2 .
The system consists of a compact shearography head 220 mm long 90 mm wide and 75 mm height, mounted on a tripod. The shearography head is controlled by a portable industrial computer. The shearography head houses a high-resolution digital camera, a beam splitter, an image shearing mirror and a piezoelectrically driven mirror allowing for phase shifting image enhancement. The focus and aperture of the camera and the tilt and pan of the image shearing mirror is accomplished mechanically from the rear of the shearography head. The illumination source, which is mounted on top of the housing, is a 650 nm, 50 mW red diode laser module whose beam is directionally controlled by a miniature mirror mount. The head is linked to the computer via umbilical cords for data transfer and power supply to the camera, laser and piezoelectric displacement actuator. Typical test results are exemplified such as in Figure 3 , depicting the location of impact generated damage in the core of the composite wing of a UAV.
Vacuum stressing
As mentioned in the introduction, vacuum stressing using shearography has already been successfully demonstrated by the whole body technique, so is the surface vacuum stressing. However, the latter appears to be a turnkey solution to testing a specific object which decreases notably the versatility of the system when testing a variety of components. The challenge was to develop a hand-held chamber, which would be placed on the surface to be inspected, capable of applying vacuum. This would provide the necessary gradients of the surface displacement to be captured by the camera of the shearography head as it views the surface through the chamber's transparent cover. Through the same cover the illumination of the surface under test will be effected with the shearography head laser. In this manner, with the shearography head independent of the vacuum chamber, the versatility of the shearographic system is maintained instead of becoming a turnkey or specific purpose instrument.
Laboratory surface vacuum device
The first phase of this study attempted to establish the applicability of a transparent solid barrier acting as the window of the vacuum chamber, interfacing the surface under test and the shearography head comprising optics, camera, illumination source etc. This aspect has not been reported in the literature before and therefore constitutes a novel aspect of digital shearographic interferometry having been investigated. The second phase of the study involved the attempt to detect flaws of different sizes in order to get a feel of the technique's sensitivity or resolution. Both above described phases of this study were performed with a vacuum chamber specially designed for the laboratory conditions. It incorporates a sturdy steel frame where the test composite specimens, containing various sizes of flaws, would be affixed. The surface vacuum device that was manufactured consisted of a 200 x 150 x 80 mm rectangular Perspex window with an 8 mm-thick edging. The window could be bolted on a rigid steel frame sandwiching between them the composite specimen to be tested. A rubber seal between the window edging and the specimen's surface ensured airtight conditions for the space created between them. This space, when partially evacuated, would act as a vacuum chamber applying suction on the specimen's surface. A suitable spigot was provided for the chamber from where flexible tubing led to a hand pump and a digital pressure/vacuum gauge. See Figure 4 for the various parts of the whole assembly as described above.
Laboratory whole body vacuum device
In keeping with the objective of getting a feel for the technique, it became apparent that the whole body vacuum technique would stress the test-piece differently from the surface vacuum procedure. With the surface vacuum method, one expects the test-piece to bulge toward the observer. For example a plate uniformly loaded, simply supported or built in at the edges, produces the surface displacement gradients visualised by the characteristic shearographic fringe lobes typical to those depicted in Figure 5 .
The presence of a defect beneath the surface would be indicated by a disturbance in the fringe pattern. With the whole vacuum technique the loading is different, in that the body 'balloons' out equally both toward and away from the observer and therefore is not expected to produce notable surface displacement gradients. How would then a defect be visualised? The answer is, probably, by small localised fringe lobes over the defect, similar to the manifestation of a defect one obtains by thermal stressing. A small steel vacuum chamber was constructed, equipped with a Perspex window and a small frame where a test-piece containing artificially produced delaminations could be placed and tested under whole body vacuum conditions (see Figure 6 ).
Defect simulation and test samples
Test samples (200 x 150 ~ 10 mm thick) were constructed using (GFRP) glass fibre reinforced plastic skins bonded to Nomex honeycomb core. Test sample A consisted of layers of GFRP that were bonded on each side of the Nomex core. Defects were introduced by 0.2 mm Teflon inclusions on the far side between the core and the skin. Their sizes and configuration were: a 20 mm square at the top left, a 20 mm equilateral triangle at the top right, and three circular shaped of diameters 10, 5 and 20 mm respectively in a row at the bottom of the specimen. Test sample B consisted of two layers of GFRP bonded on each side of the Nomex honeycomb core. A single defect was introduced approximately in the middle lower half portion of the specimen by the insertion of a 20 x 20 mm, 0.2 mm-thick Teflon piece. Test sample C was constructed with two layers of GFRP bonded on either side of the Nomex honeycomb core also containing a 15 mm-diameter 0.2 mm-thick Teflon piece in the lower left portion of the specimen. Test sample D was constructed with the usual GFRP skin with Nomex core and contained three defects: a 20 mm-diameter Teflon inclusion as in sample C, a 15 mm by 8 mm rectangular inclusion and an 8 mm-diameter inclusion all in a line at the lower half of the specimen. Samples A and B were utilised with the surface vacuum technique while samples C and D were utilised in the whole body vacuum technique. 
Procedure
The test procedure adopted for the surface vacuum stressing was simply to bolt the specimen containing the simulated defects on the steel frame with the window of the 'vacuum chamber' placed in front of the surface to be inspected. At atmospheric conditions in the chamber a 'real time' shearography procedure was initiated. That is, the initial image of the surface of the test specimen was acquired and stored in the computer digitiser. With the hand pump, small quantities of air were withdrawn from the chamber and the resulting gauge pressure could be recorded with the digital manometer. Typical gauge pressure range applied in the chamber (between the window and the test sample) was from 10 to 50 millibar below atmospheric conditions. Since the shearography procedure was set for real time, as the pressure was reduced in the space between the window and the surface of the test-piece, the characteristic two lobes fringe pattern was immediately displayed. As expected the number of fringes indicating the amount of displacement gradients increased with increasing vacuum conditions. The type of images that were obtained reflect normal, phase shifted, phase shifted filtered and phase shifted filtered with colour-enhancement shearogrammes. The procedure for whole body vacuum testing followed a similar protocol as far as the level of vacuum applied after the initial image of the test object was acquired. The images of the artificially produced defects on the test-pieces, obtained after whole body vacuum was applied, were different in that they did not exhibit the characteristic two lobes fringe pattern, but rather individual double lobe patterns localised over the defects.
Results
The results have shown that digital shearography, when applied to test for the presence of defects in composite materials subjected to surface vacuum stressing (even at very minimum levels ~ 5 mbar), is a promising technique. Typical results obtained are depicted in Figure 7 , when, for example, specimen A was tested.
The specimen, as previously stated, contained five flaws or manufactured defects. Four were easily detectable and, after several attempts, an indication of the fifth defect (bottom centre) was obtained. The characteristic shearographic double lobe over the surface forms the background and its regular shape (normally expected when there are no flaws, see Figure 5 ) has been deformed because of the presence of the defects beneath the surface. All flaws were eventually detected and displayed as small double lobes disturbing the fringes of the background pattern. The lobes indicate the position of the flaw and its approximate size, however not the depth at which it occurs. Disappointing is also the fact that shearography does not indicate the shape of the flaw precisely. It is not possible to differentiate with accuracy between circular, rectangular or triangular shaped defects. Test specimen B was tested under surface vacuum conditions as well and the results obtained exhibited similar trend to those obtained with specimen A. Figure 8 depicts the presence of the single flaw in the specimen which created its own double lobe pattern, thus disturbing the background whole body displacement gradients that one would expect to see for a defect-free rectangular plate subjected to uniform loading as depicted in Figure 5 .
The results from the tests under whole body vacuum stressing conditions on samples C and D confirmed that the body of the specimen does not generate notable surface displacement gradients, hence no background two lobes pattern is created like the ones observed in Figure 5 . Simply, the defects created a localised double lobe pattern very similar to the results obtained using thermal stressing on similar samples reported in (4) . Obviously, the test results depicted in Figure 9 are highly desirable, because of the unequivocal indication of the position and relative size of the defects, practically free from any background noise or fringe distortion.
Portable surface vacuum chamber
A prototype surface vacuum stressing chamber (see Figure 10 ) was constructed in order to test the technique with the portable shearography equipment. The results at present are encouraging, however some difficulty has been encountered in maintaining the vacuum level constant when attempting to use the chamber on vertical surfaces as well as on surfaces with small curvature. Attempts to resolve this difficulty constitutes work in progress to be reported in the near future.
Concluding remarks and recommendations
This study has shown that stressing with vacuum an object made of composite materials, while it is being subjected to shearographic NDT, is a viable procedure. The whole body vacuum stressing technique appears to yield noiseless images, indicating the location and relative size of defects and should obviously be preferable to the surface vacuum stressing technique. Indications are that, with either technique, small defects are detectable, which prompts us to suggest that a detailed parametric study aimed at finding the limits of defect size detectability is a worthwhile project. Coupled to such a study the ability to indicate the depth of the defect within the body of the object under test would be highly desirable. It is disappointing that neither technique can indicate the geometry of the flaw, which is to differentiate with accuracy between circular, rectangular or triangular shaped defects. Finally, having previously established the applicability of a 'window' and the 'sensitivity' of the technique, a portable or stand-alone 'vacuum chamber' independent of the shearography system's head appears desirable, feasible and is work in progress.
